INTRODUCTION SEED STORAGE PROTEINS OF FABA BEAN
The major storage proteins of legumes are mainly enzymatically inactive proteins deposited 152 in seed cotyledons which provide nutrients needed for seed germination and seedling growth 153 and development [42] [43] . Certain seed proteins in legumes including albumins and trypsin 154 inhibitors, however, have been identified as antinutritional or allergenic agents and therefore 155 are targeted for removal in breeding programs 44 (Table 1) 172 Legumin and vicilin share notable sequence and structural homology and are believed to 173 originate from a common ancestral gene 46 . Mature legumin is hexameric with a mass of 174 about 330 kDa 45 and is composed of two trimeric subunits (legumin A and B) while vicilin is a trimeric protein formed by the assembly of three monomers (Figure 2) . In contrast to 176 legumin, vicilin lacks cysteine and is usually glycosylated in its C-terminus 46 Legumin constitutes more than 50% of Vf globulins 45 . It is a hexameric protein with two 185 major subunits -the α and β chains -which are connected by disulphide bonds. Under 186 reducing conditions, these subunits form two bands of molecular weights of about 40 and 24 187 kDa, respectively ( Figure 3 ). These subunits are also referred to as acidic and basic subunits 188 or simply legumin A and B. Polypeptides of both legumins are highly homologous but 189 notably distinguishable by the presence of more methionine residues in the peptide sequences 190 of legumin A subunits 50 . Vf legumin A subunits appear to be more variable and show 191 polymorphic bands between genotypes 51 as is also the case with Medicago legumin A 52 . On 192 the other hand, vicilin-type proteins of Vf are trimeric 45 consisting predominantly of subunits 193 of ~50 kDa while bands of ~66 kDa are referred as convicilin 42, 51 . The classification of 7S 194 proteins into vicilin and convicilin was first coined in pea and has been accepted in many 195 legumes including Vf (Table 1) . Nonetheless, further investigation into their possible 196 structural and functional differences have concluded that convicilin may be regarded as 197 subunit of vicilin 53 . Such a denotation exists in soybean whereby subunits of 7S protein are 198 categorized into α′ (~76 kDa), α (~72 kDa), and β (~53) kDa 54-55 .
Regarding amino acid composition, nearly 50% of Vf seed protein is accounted for by just a 200 few non-essential amino acids such as glutamic acid, aspartic acid, arginine and leucine while 201 it is low in essential amino acids particularly S-AA ( Figure 4 ). The concentration of S-AA is 202 a critical determinant of the nutritional value of plant proteins destined for human 203 consumption and animal feeding. In humans, dependence on poor quality proteins can result 204 in reduced immunity and underdeveloped mental and physical capacity among young 205 children 56 . Also, animal feeds deficient in critical amino acids can cost farmers in form of 206 animal feed supplements of industrially synthesized S-AA 55 .
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The concentration of S-AA is strongly related to the relative proportions of S-AA rich 208 proteins in the seeds. In Vf and other legumes, it is well accepted that legumins contain 209 relatively higher S-AA compared to vicilin 42, 44, [57] [58] . This is further confirmed by 210 comparative analysis of coding sequences of vicilin and legumin subunits across legume 211 species which clearly show that legumin subunits contain more residues of cysteine and 212 methionine ( Figure 4 ). This observation leads to the hypothesis that increasing the proportion 213 of legumin subunits relative to vicilin would improve nutritional content of plant proteins. 214 However, considering that vicilin is accumulated in legume seeds earlier than legumin 59-61 , 215 their ratios could be easily offset by the prevailing environmental conditions, e.g. soil 216 nutritional status and onset of biotic and abiotic stresses during the plant growth, and in 217 particular, during grain filling. In contrast to globulins, minor legume seed proteins such as 218 elongation factor Tu, citrate synthase, albumin 2 (PA2), defensins 1 and 2 and Bowman-Birk 219 inhibitors (BBI) contain higher S-AA 42, 62 . According to Krishnan, et al. 63 , under higher N 220 availability through fertilizer application or symbiotic fixation, S-AA containing proteins like on albumin, a S-AA rich protein 64 . Hence, it would appear that the negative correlation 225 between high protein and S-AA content in Vf 11, 32, 65 may be the result of preferential 226 accumulation of low nutritional quality protein fractions in higher protein lines. There is considerable homology between Vf globulin subunits and those of other legumes 243 (Table S1 ), and where genome sequences are available, it is now possible to classify and 244 associate seed storage subunits to specific genome locations (Table S2 ). Considering the lack 245 of genome sequence for Vf, this information is critical for synteny-based mapping of globulin The amount of protein accumulated during seed development can be attributed to various 278 genetic and environmental factors acting on various plant processes ranging from nutrient 279 uptake and transport, photosynthate production and remobilization to protein accumulation 280 rate in the storage organs. However, there are strong indications that mechanisms underlying 281 nitrogen (N) uptake, transport and assimilation could explain the variation in protein content 282 more than any other factor. For instance, in pea, overexpression of the amino acid transporter 283 gene amino acid permease (AAP), has been confirmed to play a critical role in increasing 284 synthesis of seed storage proteins owing to increased leaf and pod phloem loading with free 285 amino acids 79 . A similar mechanism could be attributed to the observed 2-3 times higher free 286 amino acids in the cotyledons of high-protein (HP) Vf genotypes as compared to low-protein 287 genotypes 80 . In rice, a major seed protein content QTL harboring the OsAAP gene was 288 associated with higher uptake of amino acids and their distribution across plant tissues 81 . In 289 addition, QTL for N-fixation have been linked to QTL for total N accumulation in common 290 bean 82 and pea 83 . Also, improved capacity for N uptake can be a candidate trait to relax the 291 yield-protein negative correlation. In fact, increased genetic capacity for N supply was 292 associated with increased seed size in Vf 64 or seed number in pea 79 . These results should be 293 taken into consideration when screening for high protein content in Vf.
GENETIC IMPROVEMENT OF PROTEIN CONTENT AND QUALITY 295
Summary of the past work 296 Several studies have focused on the genetic variation for protein content ( Table 2) and to 297 what extent protein content was correlated with yield of Vf. One study indicated that protein 298 content was variable between and within varieties (n=33) with broad sense heritability of 299 0.70 and no significant correlation with seed weight 31 . However, when larger set of 300 germplasm (n=600) was screened, a clear negative relationship between seed weight and 301 protein was detected although some large-seeded genotypes with above average protein 302 content were also found 65 . Similarly, after four cycles of selection for protein content, Sjödin 303 32 concluded that protein content in Vf could be improved by selection but tended to 304 negatively correlate with number of seeds per plant regardless of thousand seed weight.
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These early efforts also established the variability for S-AA content ( Table 3) Uncoupling the negative yield-protein correlation 312 Correlation between traits can arise due to gene linkage or pleiotropy 85 ,with the latter being 313 most common in plants, and its resolution requires deeper understanding of both traits.
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Therefore, several possible mechanisms have been investigated in various crops in order to 315 unlock protein-yield association. It is hypothesized that the negative correlation between the 316 two traits result when the high demand for N during seed filling stage coincides with decline 317 in soil nutrients in the rhizosphere and nitrogen fixation, resulting in re-mobilization of 318 nitrogen from leaves, which in turn shortens grain filling and reduces seed weights 86 . This is in line with findings by Egle, et al. 87 who showed that majority of N accumulated during 320 seed filling in barley was remobilized from leaves and stems, but that ongoing N uptake 321 could also contribute. Furthermore, wheat genotypes with higher capability for post-anthesis 322 N uptake deviate from grain-protein negative relationship 88-89 and selection for this trait has Supplementary data including Figure S1 and Tables S1-S3 are provided in MS Word 433 document.
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